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SUMMARY 

The highl ights  of several  s tudies  a t  the Langley Research Center of t h e  NASA 

t o  determine p o t e n t i a l  u t i l i z a t i o n  of recent new materials f o r  aerospace vehicle  

appl icat ions are presented. The mater ia ls  a re  reviewed i n  terms of possible  use 

i n  nose and leading edges, external  heat-shield surfaces,  and primary load- 

carrying s t ruc tures .  For the most severely heated portions of aerospace vehicles ,  

t h e  performance of JTA graphite,  porous oxide ceramics, and a Cr-MgO cermet a r e  

reviewed. S igni f icant  t es t  r e s u l t s  from thor ia ted  n icke l  and vanadium-base a l loys  

t h a t  may f i n d  use f o r  ex terna l  surfaces and f o r  primary s t ruc ture  a r e  reported.  

The r o l e  of beryllium produced by plasma spraying f o r  s t r u c t u r a l  and heat-sink 

appl icat ions i s  b r i e f l y  indicated.  Signif icant  mater ia l  propert ies ,  metal lurgical  

c h a r a c t e r i s t i c s ,  and fabr ica t ion  c a p a b i l i t i e s  a r e  discussed with p a r t i c u l a r  r e f -  

Nu r - t f d d  erence t o  des i rab le  propert ies  and notable def ic iencies .  

INTRODUCTION 

The severe environments associated with d i f fe ren t  aerospace vehicles  have 

created a need f o r  g r e a t l y  improved makerials f o r  use i n  t h e  s t ruc ture  and 

thermal-protection systems. A s  a r e s u l t  of t h i s  need, the  mater ia ls  community i s  

constant ly  introducing many types of new o r  improved mater ia ls  t o  cope with t h e  

new environments. Frequently very l i t t l e  mater ia l  property data and t e s t  
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experience a r e  reported t o  assess  t h e  p o t e n t i a l  usefulness of t h e  proposed mate- 

r i a l .  I n  order t o  e s t a b l i s h  t h e  cha rac t e r i s t i c s  and t o  categorize these  new O r  

improved mater ia ls ,  t he  Langley Research Center of t h e  NASA has been pursuing 

inves t iga t ions  t h a t  include mechanical, physical ,  and chemical property determina- 

t i ons ,  metal lurgical  evaluation, fabr ica t ion ,  and joining studies. The Studies 

a r e  expected t o  aid i n  determining s ign i f i can t  proper t ies  and whenever possible  

t h e  mater ia ls  def ic ienc ies .  

I n  t h i s  paper, only the  h ighl ights  of severa l  s tud ies  on meta l l ic ,  ceramic, 

or metal-ceramic compositions will be presented. 

usefu l  under moderate heat ing conditions associated with l i f t i n g  reent ry  vehi- 

c l e s .  

systems of b a l l i s t i c  or  low-lift ing-type vehicles  w i l l  not be included. 

r e l a t i v e l y  new o r  heretofore  unexplored mater ia ls  w i l l  be discussed. 

r ials are noted i n  f igu re  1. 

These types of mater ia l s  may be 

Ablation mater ia ls  t h a t  are t a i l o r e d  t o  operate i n  t h e  thermal-protection 

Six 

These mate- 

Three mater ia l s ,  namely JTA graphi te ,  porous oxide ceramics, and Cr -MgO 

cermet, w i l l  be discussed with regard t o  possible  appl ica t ions  i n  t h e  s tagnat ion 

areas  (such as nose caps and leading edges) of aerospace vehicles .  

temperature range f o r  these  mater ia ls  would probably extend above 2,500° F. 

The usable 

Nickel containing dispersed t h o r i a ,  commercially known as t h o r i a t e d  or TD 

n icke l ,  and newly developed vanadium a l l o y s  a r e  considered t o  have p o t e n t i a l  

appl icat ion i n  thermal-protection systems involving meta l l ic  heat  sh i e lds  and i n  

t h e  hot primary load-carrying s t ruc tu re  of t h e  vehicle .  

range f o r  these  mater ia ls  would probably be from approximately 1,500° F t o  

2,500° F. 

The usefu l  temperature 

The last mater ia l  noted i s  plasma-sprayed beryll ium. This mater ia l  has been 

frequently considered t o  be a p o t e n t i a l l y  use fu l  ma te r i a l  although l i t t l e  
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information on i t s  s t r u c t u r a l  charac te r i s t ics  i s  avai lable .  Plasma-sprayed 

beryllium would be l imited i n  use for load-carrying s t ruc tures  t o  temperatures 

bel ow spprnx imate ly  8nQo p amc2 f n r  h_eat.-~izk, n o n s t r n ~ c t ~ ~ r a l  z p p l i c a t i ~ ~  t h e  =xi= 

mum usable temperature would probably be i n  the i r ic in i ty  of 1,500° I?. 

RESULTS OF INVESTIGATIONS 

JTA Graphite.- Although many types of commercial graphites a r e  avai lable ,  

r e l a t ive ly  l i t t l e  use has been made of t h i s  mater ia l  i n  e i t h e r  load-carrying or 

thermal-protection systems. Graphite possesses several  outstanding desirable  

cha rac t e r i s t i c s  such as  high-temperature strength,  good thermal shock resis tance,  

and high melting point;  however, several  notable def ic iencies  a l s o  e x i s t ,  among 

these i t s  b r i t t l e n e s s  and poor oxidation resis tance.  Several types of coatings 

f o r  graphite have been studied f o r  oxidation protect ion and t o  date no generally 

sa t i s f ac to ry  coating i s  avai lable .  

A recent advance i n  the  development of graphite i s  of i n t e r e s t .  This 

advance i s  i n  t h e  form of a new graphite ( r e f .  1) which i s  commercially known as 

JTA and cons is t s  of graphite t o  which zirconium diboride and s i l i c o n  have been 

added. 

coating during exposure a t  high temperatures. 

ance of t h i s  type of mater ia l ,  the  Langley Research Center has been conducting 

This composite mater ia l  i s  expected t o  provide i t s  own oxidat ion-resis tant  

In  order t o  evaluate the  perform- 

both s t a t i c  and dynamic oxidation t e s t s  on the JTA graphite.' 

t he  s t a t i c  oxidation t e s t s  ind ica te  t h a t  t h e  mater ia l  has the  capabi l i ty  t o  form 

a pro tec t ive  coating t o  reduce the  oxidation of t he  graphite.  The weight losses  

es tab l i shed  from t e s t s  i n  a s t a t i c  oxidizing atmosphere for the  SllA graphite a r e  

lThe preliminary data reported herein were obtained by Donald R.  M e r  of 

The r e s u l t s  of 

t he  S t ruc tures  Research Division, NASA Langley Research Center. 
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general ly  20 t o  30 times less  than the  weight l o s ses  obtained from other commer- 

c i a l  graphites a t  corresponding temperatures. 

The performance of t h e  JTA graphi te  under dynamic oxidation conditions a l s o  

appears t o  be g rea t ly  improved as compared with standard graphite.  

a JTA graphite specimen i s  shown under t e s t  i n  t h e  2,500 kw a r c  j e t  a t  t h e  Langley 

Research Center. A t  t he  l e f t  i s  shown a standard ATJ graphite specimen a f te r  

3 minutes of exposure i n  t h i s  a r c  j e t  a t  a free-stream temperature of approxi- 

mately 3,5000 F. 

loss  i s  an indicat ion of t h e  r ap id  surface recession produced by oxidation. The 

specimen shown on t h e  r i g h t  i s  t h e  new composite graphite JTA a f t e r  a t o t a l  of 

24 minutes exposure i n  t h e  a r c  j e t .  A weight l o s s  of approximately 5 percent 

occurred during t h i s  t o t a l  t e s t  t i m e .  

obtained from 4 separate t e s t s  of t h e  same specimen. The p ro tec t ive  l aye r s  t h a t  

formed on the  surface spa l led  s l i g h t l y  during these  cyc l ic  heat ing t e s t s  but t he  

magnitude of weight change w a s  very low i n  con t r a s t  t o  t h a t  obtained with t h e  

standard ATJ graphite.  

I n  f igu re  2 

A weight loss  of over 50 percent occurred. This l a rge  weight 

The 24 minutes t o t a l  t e s t  t i m e  w a s  

A complete understanding of t h e  mechanism t h a t  p ro t ec t s  t h e  JTA graphite 

during dynamic oxidation t e s t i n g  has not  been obtained t o  date;  however, it 

appears t h a t  some o f  t h e  protect ion i s  derived from zirconia  t h a t  forms on t h e  

surface. The r o l e  of s i l i c o n  and boron i n  t h e  oxidation protect ion mechanism i s  

not completely es tab l i shed .  More evaluation t e s t s  of t h i s  composite graphite are 

required before i t  can be f i rmly e s t ab l i shed  as 3. s ign i f i can t  aerospace material. 

The ava i lab le  experience, however, suggests t h a t  t h e  material has d e f i n i t e  prom- 

i s e ,  although da ta  have not y e t  been obtained on the  mechanical p rope r t i e s .  

Porous oxide ceramics.- Porous oxide ceramics such as aluminn., z i rconia ,  o r  

hafniu hahe been considered f o r  use i n  t h e  thermal-protection systems of c e r t a i n  
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aerospace vehicles  ( r e f s .  2 and 3 ) .  

This material i s  z i rconia  with approximately 85-percent voids. The zirconia  has 

a high melting point  of aFproximat.ely 4,80Oo F, pcssesses good v x i b t i o n  r e s i s t -  

ance, low thermal conductivity,  and contains interconnecting pores t h a t  permit 

impregnation of t h e  ceramic with ab la t ion  materials or passage of mater ia ls  f o r  

t r ansp i r a t ion  cooling. U t i l i za t ion  of t h i s  mater ia l  i n  heat sh ie lds  involves 

a t tach ing  t h e  ceramic t o  t h e  m e t a l  substructure by adhesives o r  o ther  bonding 

mater ia l s .  When t h e  porous ceramic i s  subjected t o  ex terna l  heat ing,  t he  l o w  

melting mater ia ls  contained i n  t h e  pores t ranspi re  through t h e  interconnected 

pores and provide the  necessary cooling f o r  the  vehicle .  L i t t l e  i f  any surface 

recession would be an t ic ipa ted  with t h i s  type of system and consequently no 

important changes i n  aerodynamic performance of t h e  vehicle  would be experienced. 

I n  addi t ion ,  t h e  ceramic matrix remaining a f t e r  t h e  ab la t ion  process i s  completed 

provides a r e l a t i v e l y  good insu la to r  between the  ex terna l ly  heated surface and 

the  cooler  i n t e r n a l  s t ruc tu re  because of i t s  low thermal conductivity.  

ceramic may a l s o  provide a coating f o r  pro tec t ion  of t h e  s t ruc tu re  from oxidation. 

Figure 3 shows a t y p i c a l  porous ceramic. 

The 

One of t h e  p r inc ipa l  def ic ienc ies  of t h i s  thermal-protection system appears 

t o  be t h e  temperature l imi t a t ion  imposed by the adhesive used f o r  attachment of 

t h e  porous ceramic t o  t h e  meta l l ic  s t ruc tu re .  Relat ively low temperatures must 

be maintained a t  t h e  bond l i n e  t o  prevent separation of t h e  ceramic sh i e ld  from 

the  me ta l l i c  s t ruc tu re .  

i t e d  study was undertaken t o  inves t iga t e  several  methods of a t tach ing  porous 

ceramics t o  metals.  

I n  order t o  permit higher bond l i n e  temperatures a l i m -  

The e f f o r t s  t o  jo in  t h e  ceramic t o  metal were based on es tab l i sh ing  a graded 

ma te r i a l  between the  metal  and ceramic t o  give compatibi l i ty  of thermal expansion 
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coeff ic ients .2  

(alumina i n  t h i s  case) with alumina powder t o  e s t a b l i s h  a dense surface. 

ceramic surface w a s  then plasma sprayed with successive layers  of tungsten, 

molybdenum, columbium, and n icke l  i n  various combinations. This combination w a s  

next vacuum brazed a t  approximately 2,000° F t o  the  metal l ic  sheet using n icke l  

braze al loys.  A p a r a l l e l  e f f o r t  was made using an expansion graded combination 

of n icke l  and alumina. 

s t a r t i n g  with pure n icke l  and increasing the  alumina content u n t i l  100-percent 

alumina was obtained on the  outer  layer.  

t o  the ceramic. 

One of the  e f f o r t s  consisted of spraying the porous ceramic 

The 

This mixture w a s  sprayed on the  s t r u c t u r a l  sheet (Ren6 41) 

S i l i c a  w a s  used t o  j o i n  t k i s  composition 

A somewhat d i f f e r e n t  approach i s  shown i n  f igure  4 which cons is t s  of i n t r o -  

ducing a low-density metal matrix (on t h e  order of 5 percent of t h e o r e t i c a l  den- 

s i t y )  between t h e  ceramic and the  metal s t ruc ture .  

w a s  se lected t o  provide a low-bulk-modulus f i l l e r  material between t h e  s t ruc-  

t u r a l  metal and the  porous ceramic. 

The low-density metal l ayer  

The various approaches out l ined appear t o  show some promise f o r  attachment 

of the ceramic t o  the metal; however, t h e  assembly usual ly  f a i l s  during the  

cooling portion of the  brazing o r  bonding cycle because of t h e  l o w  shear s t rength 

of the porous ceramic. An assessment of the  r e s u l t s  obtained t o  date  ind ica tes  

t h a t  the porous ceramic does not hold much promise as a heat-shielding mater ia l  

u n t i l  m a j o r  improvements a r e  obtained i n  i t s  mechanical s t rength proper t ies .  

Cr-MgO cermet.- A composite of chromium and magnesium oxide has become 

avai lable  recent ly  as a possible  aerospace material f o r  high-temperature use 

'The preliminary data reported herein were obtained by W i l l i a m  H.  

Herrnstcin I11 of the Structures  Research Division, NASA Langley Research Center. 
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( r e f .  4 ) .  

chromium with 5- t o  20-micron-sized magnesium-oxide p a r t i c l e s  dispersed uniformly 

This mater ia l ,  shown i n  f igu re  3 ,  consis ts  of a high percentage of 

c &i-o.u&iout. rnl- luls 1 metal-cei-aic cijiiiijosite b - 2 ~  i-epoi-ted to possess good i - 0 ~ ~ -  

temperature d u c t i l i t y  and t o  be usable a t  high temperatures without coatings for 

oxidation protect ion.  

mater ia l  i n  sheet form. For t h i s  reason, a preliminary inves t iga t ion  w a s  made t o  

obtain such data  f o r  0.020-inch-thick sheet ( r e f .  5 ) .  

was se lec ted  t o  compare favorably on a weight-per-square-foot bas i s  with minimum 

gage sheet of molybdenum o r  columbium considered f o r  aerospace vehicles .  

The r e s u l t s  of t e n s i l e  t e s t s  a r e  shown i n  f igure 6 where t h e  t e n s i l e  and y i e l d  

s t rength a s  w e l l  a s  t he  elongation i n  a 1-inch gage length a re  p l o t t e d  against  

temperature t o  2,300° F. 

t e s t i n g  immediately a f t e r  reaching t h e  tes t  temperature. The t e n s i l e  r e s u l t s  

show t h e  s t rength  values a r e  low a t  e levated temperature, but it appears t h a t  

t h i s  mater ia l  may be usefu l  i n  l i g h t l y  loaded areas  such as t h e  leading edge or 

nose appl ica t ions .  

No data were ava i lab le  on t h e  performance of t h i s  cermet 

This mater ia l  thickness 

The elevated-temperature r e s u l t s  were obtained by 

A n  examination of t h e  oxidation propert ies  of t he  cermet was a l s o  included 

i n  t h e  inves t iga t ion .  Curves showing t h e  oxidation t e s t  r e s u l t s  a r e  given i n  

f igure  7. I n  t h i s  f i gu re  t h e  mater ia l  recession produced by oxidation i s  p lo t t ed  

aga ins t  t es t  t i m e .  

completely destroyed i n  l e s s  than 3 hours i f  oxidation occurred from both sides 

although t h i s  i s  not t h e  case a t  2,OOOO F. 

oxidation i s  rap id ,  an embr i t t l ing  mechanism was noted during elevated-temperature 

exposure t h a t  overshadows t h e  l o s s  of mater ia l  due t o  oxidation. This embr i t t l ing  

e f f e c t  c a  be seen i n  figure 8. 

e q o s e d  a t  2,000° F f o r  4 hours, and on t h e  r igh t  i s  a micrograph of t he  sheet 

Note t h a t  a t  2,8000 F t h e  0.020-inch-thick sheet would be 

Although t h e  lo s s  of mater ia l  due t o  

On t h e  l e f t  i s  a micrograph of t h e  mater ia l  
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a f t e r  an exposure of 4 hours a t  2,500° F. 

c i p i t a t e s  t h a t  appear i n  t h e  grains  and grain boundaries i n  t h e  right-hand f i g -  

ure  a r e  evidence of nitrogen penetrat ion i n t o  the  mater ia l .  

bines w i t h  t h e  chromium t o  form chromium n i t r i d e  C r 2 N  which produces embri t t le-  

ment. 

f i v e  times grea te r  than t h e  loss of mater ia l  due t o  oxidation above 2,200° F. 

This nitrogen embrittlement reduced the  elongation t o  approximately zero and 

changed the cermet from a duc t i l e  t o  a b r i t t l e  mater ia l .  

The numerous s t r a i g h t  lamellar  pre-  

The ni t rogen com- 

This nitrogen penetrat ion i n t o  t h e  mater ia l  w a s  found t o  be approximately 

The chromium cermet sheet a l so  appeared t o  be embri t t led by another e n t i r e l y  

d i f f e ren t  mechanism. It w a s  noted t h a t  small surface scratches changed the  mate- 

r i a l  from an apparently duc t i l e  mater ia l  a t  room temperature t o  a b r i t t l e  mate- 

r i a l .  

a l loys .  

mater ia l  without frequent inspect ions f o r  surface scratches.  

This type of embrittlement i s  frequent ly  ind ica t ive  of high chromium base 

This behavior would be p a r t i c u l a r l y  undesirable i f  use were made of t he  

O u r  t e s t  r e s u l t s  on t h e  cermet sheet  i nd ica t e  t h a t  t he  sheet oxidizes  too 

rap id ly  above 2,400° F t o  be of  i n t e r e s t  i n  t h i n  gages. 

of nitrogen and t h e  s e n s i t i v i t y  t o  small scratches and surface conditions fu r the r  

make t h e  mater ia l  marginal f o r  aerospace use i n  sheet  form. 

i n  th icker  sec t ions  may possibly overcome some of  these  def ic ienc ies .  

The embr i t t l ing  e f f e c t  

U s e  of t h e  mater ia l  

Thoriated n icke l . -  A recent ly  developed n i cke l  containing approximately 

2-percent t h o r i a  ( h o w n  as tho r i a t ed  n i cke l  or TD n icke l )  has received consider- 

able a t ten t ion  recent ly  ( r e f s .  6 and 7 ) .  A n  e lec t ron  micrograph of t h e  mater ia l  

i s  shown in  f igu re  9. The mater ia l  cons i s t s  of n i cke l  with a uniform dispers ion 

of submicron-sized tho r i a .  The t h o r i a  a c t s  as an e f fec t ive  strengthening agent 

f o r  t h e  nickel a t  elevated temperatures by blocking grain boundary and dis loca-  
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where t h e  t e n s i l e  and y i e l d  s t rengths  and elongation are p l o t t e d  aga ins t  tempera- 

t u re .  

eloiigatioii I s  apprsximstely 15 percent.  

decreases t o  4,100 p s i  a t  2,5OOo F. 

melting point  of t h e  mater ia l .  

The room-temperature t e n s i l e  s t rength i s  approximately 80 k s i  and t h e  

The elevated-temperature strengbh 

This temperature i s  within 150° F of t h e  

Studies were a l s o  conducted t o  e s t ab l i sh  t h e  oxidation cha rac t e r i s t i c s  of 

t h e  tho r i a t ed  nickel .  

i n  f igu re  11. 

shown f o r  uncoated tho r i a t ed  n icke l  and f o r  aluminide-coated tho r i a t ed  n i cke l  

(ca-lorizing process) a t  10 and 100 hours. The ca lor iz ing  coating proved very 

e f f ec t ive  i n  reducing weight gain due t o  oxidation. 

r i a l  i s  not exceptionally r e s i s t a n t  t o  oxidation, it should be noted t h a t  no 

grain boundary oxidation occurs as  i s  frequently noted i n  p rec ip i t a t ion -  

strengthened nickel-base superalloys considered f o r  high-temperature use. 

r e s u l t  i s  very s ign i f i can t  because the  l o s s  of s t rength  can be a t t r i b u t e d  only 

t o  surface recession. 

not obtained even after prolonged exposure a t  2,500° F. 

Some of t h e  data obtained i n  the  inves t iga t ion  a r e  shown 

The weight gain i s  p l o t t e d  against  t e s t  temperature. Results a r e  

Even though the  n i cke l  mate- 

This 

Embrittlement associated with grain boundary. oxidation i s  

Various types of fabr ica t ion  and joining methods were inves t iga ted  t o  deter- 

mine t h e  a b i l i t y  of t h e  TD n icke l  t o  be formed and joined i n t o  usefu l  s t r u c t u r a l  

configurations.  

beam, tungsten i n e r t  gas, and res i s tance  welding. 

welding produced the  least amount of agglomeration of t he  thor ia .  

bonding was a l s o  invest igated.  

are shown i n  figure 12. 

and dimpled shee ts .  

t h i ck .  

The types of welding methods t h a t  were s tudied included e lec t ron  

O f  these,  t h e  res i s tance  

Diffusion 

Small sandwich panels joined by diffusion bonding 

The sandwich panels cons is t  of a l t e r n a t e  layers  of f l a t  

I n  t h e  lef t -hand view the thoriated-nickel  sheet was 25 m i l s  

I n  t h e  right-hand view t h e  dimpled sheets were 2 m i l s  th ick ,  the  ex terna l  
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face sheets 10 m i l s ,  and the  i n t e r i o r  f l a t  sheets 4 m i l s  th ick .  

were obtained by diffusion bonding. 

metal r e t o r t  and evacuated t o  about 

a mechanical and a diffusion pump. The sandwiches were then subjected t o  a 

bonding temperature of 2,000° F f o r  24 hours. 

the  face sheet and dimpled sheet i s  shown i n  f igure 13. 

dimpled sheet i n  the  upper half  and the  f l a t  face sheet i n  t h e  lower h a l f .  

sheets were 25 m i l s  th ick .  An excel lent  bond w a s  obtained. N o  evidence of 

agglomeration of t h e  t h o r i a  w a s  detected. 

Excellent j o i n t s  

The specimens were encapsulated i n  a s m a l l  

t o r r  by a pumping system consis t ing of 

One of t h e  bonded j o i n t s  between 

This f igure  shows t h e  

Both 

The TD nickel,  developed by t h e  E. I. W o n t  De Nemours and Co., i s  under- 

going f u r t h e r  improvements. 

i s  i n  the l a t te r  s tages  of development cons is t s  of a molybdenum addi t ion t o  the  

thor ia ted  n icke l .  

agent. Preliminary t e s t  r e s u l t s  reported by t h e  company's research laboratory 

ind ica te  a s ign i f icant  s t rength increase a t  room temperature from 80 k s i  t o  

115 k s i  and a t  1,200' F from 30 k s i  t o  65 k s i .  

a t  1,600~ F t o  1,900° F are approximately doubled (13,000 t o  25,000 p s i  and 9,000 

t o  15,000 p s i ,  respect ively) .  Preliminary r e s u l t s  ind ica te  t h a t  t h e  molybdenum 

modified thor ia ted  n icke l  i s  much s t ronger  than ordinary TD n icke l  t o  1,900° F 

and above t h i s  it i s  a t  l e a s t  as s t rong t o  2,500° F. I n  addi t ion,  no degrada- 

t i o n  of the oxidation res i s tance  found i n  t h e  unmodified TD n icke l  i s  obtained 

with t h e  newer mater ia l .  

A recent modification revealed by the  company which 

The molybdenum i s  added as a s o l i d  solut ion strengthening 

The 100-hour rupture s t rengths  

The assessment of t e s t  experience suggests t h a t  t h o r i a t e d  n icke l  i s  a mate- 

r i a l  with considerable promise f o r  aerospace vehicle  appl icat ions.  Further 

improvements i n  the mater ia l  a r e  expected and such improvements should make i t s  

p o t e n t i a l  use even more promising. 
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Vanadium a l loys . -  Vanadium a l loys  a re  receiving a t t e n t i o n  as s t r u c t u r a l  mate- 

r ials because of t he  po ten t i a l ly  outstanding cha rac t e r i s t i c s  i n  t h e  1,8000 F t o  

2 ,WU I , n n O  n r temperature range. Tne l i m i t e d  data avai lahle i n  the l i t e r a t u r e  gig- 

gested t h a t  i n  t h i s  temperature range t h e  vanadium a l loys  on a strength-weight 

bas i s  would be t h e  optimum mater ia ls  f o r  construction (ref.  8) .  

p o t e n t i a l  a s  a s t r u c t u r a l  material, NASA as w e l l  as o ther  governmental and indus- 

t r i a l  organizations are undertaking a preliminary evaluation of severa l  vanadium 

a l loys  produced by the  Armour Research Foundation of t h e  I l l i n o i s  I n s t i t u t e  of 

Technology f o r  t he  Bureau of Naval Weapons (ref.  9) .  

Because of t h i s  

Two a l loys  of vanadium t h a t  m e r i t  a t t en t ion  have been produced t o  date. 

These are noted i n  f igu re  14 which shows a t y p i c a l  microstructure of t h e  

ments were not obtained f o r  t h e  other a l loy .  

60 w/o columbium shows higher s t rength values than t h e  20 w/o columbium a l l o y  

The vanadium a l l o y  containing 

~ 

1 
v-60 w/o C b  a l l oy .  

and 1 w/o Z r  a r e  shown on t h e  l e f t ,  and on the r i g h t  a r e  those of t h e  60 w/o 

columbium and 1 w/o t i tanium a l loy .  The densi ty  of t h e  a l l o y  on t h e  l e f t  i s  

0.228 pound pe r  cubic inch and t h a t  on the  right i s  0.268 pound per  cubic inch. 

The composition and density of t h e  20 w/o columbium, 4 w/o T i ,  

I 

~ 

, Both of these  a l loys  a r e  undergoing evaluation t e s t s  i n  various organizations a t  

t h e  present  time. 

The elevated-temperature t e n s i l e  proper t ies  of these  a l loys  a r e  shown i n  

' f igu re  17. The s t rengths  of both a l loys  a r e  shown p l o t t e d  against  temperature 

t o  2,400' F. Elongation i s  shown f o r  t h e  20 w/o columbium a l l o y  but t h e  measure- 

has g rea t e r  elevated-temperature s t rength than vanadium. One po ten t i a l  disad- 

vantage i s  suggested by the  high elongation of t h e  ma te r i a l  above 2,20O0 F. This 



- 12 - 
elongation of over 100 percent generally ind ica tes  poor long-time s t rength and 

creep propert ies .  I 

I 

~ 

Oxidation tests were made on the  uncoated vanadium a l loys  a t  1,8000 F and 

1,95~0 F. 

p l o t t e d  against  t i m e .  

1,8000 F and thus coatings f o r  protect ion against  oxidation a r e  required. 

mater ia l  l o s s  a t  1,8000 F i s  almost twice as great  f o r  the  20 w/o columbium 

a l loys  as t h a t  f o r  the 60 w/o columbium. The large percentage of columbium 

appears t o  r e t a r d  t h e  oxidation appreciably. 

These r e s u l t s  a r e  shown i n  f igure  16. The surface recession i s  

I Both a l loys  display poor res is tance t o  oxidation, even a t  

The 

I 

Both a l loys  were coated with a s i l ic ide- type  coating t o  pro tec t  the  metal 

against  the rapid oxidation ( r e f .  10) .  

f o r  the  60 w/o columbium a l l o y  a r e  given i n  f igure  17. 

coated specimens expressed on a percentage b a s i s  i s  p l o t t e d  against  time. 

a r e  shown f o r  a s i l i c i d e  coating a t  th ree  t e s t  temperatures. A pure s i l i c i d e  

coating appears t o  protect  the  60 w/o columbium a l l o y  s a t i s f a c t o r i l y  t o  tem- 

peratures  of 2,400° F during s t a t i c  oxidation t e s t i n g ,  but above t h i s  tem- 

perature  the coating i s  not r e l i a b l e .  Essent ia l ly  the  same r e s u l t s  were found 

during cyclic oxidation t e s t i n g .  

indicates  t h a t  the  same coating does not a f f o r d  pro tec t ion  t o  t h e  mater ia l  

above 2,OOOO F and t h a t  modification t o  t h i s  coating must be made i f  t h e  mate- 

r i a l  i s  t o  be used above t h i s  temperature. 

The r e s u l t s  of t h e  s t a t i c  oxidation t e s t s  
I 

~ 

The change i n  weight of 
I 

Results ' 

I n i t i a l  work on t h e  20 w/o columbium a l l o y  

I n  addltion t o  these s tud ies ,  joining,  machining, and forming operations 

were carr ied out on both a l loys .  Machining and forming operations were accom- 

p l i shed  with r e l a t i v e  ease on t h e  alloy containing 20 w/o columbium. 

d i f f i c u l t y  was encountered i n  mi l l ing  t h e  a l l o y  containing 60 w/o columbium. 

Joining e f f o r t s  including tungsten i n e r t  gas and e lec t ron  beam welding were made 

Considerable 
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I 

with generzlly excel lent  r e s u l t s .  

gave s t rengths  t h a t  were approximately 75 percent of t he  o r ig ina l  mater ia l  

s t rength a t  t h a t  temperature. 

Tests on b u t t  welds a t  2,000° F, f o r  example, 

Aiihough only l imi ted  amounts of t h e  vanadium-alloy material have been 

ava i lab le  t o  date ,  t he  t e s t  r e s u l t s  suggest t h a t  some addi t iona l  improvements 

a re  needed i n  the  basic  a l loys  t o  enable vanadium a l loys  t o  f i n d  t h e i r  place a s  

u se fu l  high-temperature s t r u c t u r a l  mater ia ls .  Their low res i s tance  t o  oxidation, 

d i f f i c u l t y  i n  machining some of t he  highly alloyed sheet mater ia l s ,  and suspected 

poor creep proper t ies  a r e  spec i f i c  def ic iencies  t h a t  should receive a t t en t ion  i n  

fu r the r  development e f f o r t s  on t h e  mater ia l .  Some e f f o r t s  are cur ren t ly  underway 

a t  the I l l i n o i s  I n s t i t u t e  of Technology t o  improve long-time proper t ies  of  t he  

ma te r i a l  by dispers ion strengthening. 

~ 

I 

I Plasma-sprayed beryllium.- In  s p i t e  of the f a c t  t h a t  beryll ium possesses t h e  

highest  s t i f fness -dens i ty  r a t i o  ava i lab le  with any s t r u c t u r a l  mater ia l ,  i t s  use 

i n  s t ruc tu res  has been very l imi ted  t o  da te  (refs. 11 and 12) .  

t o x i c i t y ,  high cos t ,  and fabr ica t ion  d i f f i c u l t i e s  a re  major de te r ren ts  t o  i t s  

use. 

has f requent ly  been mentioned a s  a possible  approach t o  t h e  use of t h e  m e t a l .  

Plasma-sprayed beryllium would possibly eliminate many of t h e  forming and joining 

problems t h a t  e x i s t  with t h e  use of more conventional mi11 products. 

I 

~ 

Br i t t l eness ,  
I 

I 
I n  order t o  circumvent some of these d i f f i c u l t i e s ,  plasma-sprayed beryllium 

I 

If f eas ib l e ,  ' t h i s  approach might a l so  reduce the  cost  of making complex s t r u c t u r a l  components. 

I n  order t o  determine t h e  f e a s i b i l i t y  of plasma spraying and t o  e s t ab l i sh  

some of t he  c h a r a c t e r i s t i c s  of plasma-sprayed beryllium, a preliminary inves t iga-  

t i o n  was undertaken.3 Some of t h e  specimens t h a t  were produced during the  course ~ 

I 3This preliminary work was done by D. R. Rummler of the  Structures  Research 

' Division, NASA Langley Research Center. 
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of t h i s  study are shown i n  f igu re  18 which shows beryllium specimens produced 

f o r  NASA by plasma spraying. 

outs ide surface. The specimen labeled B shows the  in s ide  or  back surface.  The 

t h i r d  specimen labeled C w a s  produced by plasma spraying and s i n t e r i n g  followed 

by surface grinding t o  achieve uniform thickness t o  permit t ens i l e  t e s t i n g .  

hollow cylinder labeled D w a s  produced by plasma spraying followed by gas pres-  

sure consolidation. 

B, and D. 

reason they were not u t i l i z e d  i n  s t rength tests.  

The t e n s i l e  specimen labeled A shows the  as-sprayed 

The 

No attempt w a s  made t o  gr ind t h e  surfaces  of specimens A, 

Some var ia t ions  i n  thickness ex i s t ed  i n  these  specimens and f o r  t h i s  

The microstructure of t h e  sprayed beryll ium i s  shown i n  figure 19. The 

photomicrograph on the  r i g h t  shows t h e  plasma-sprayed material (300%) and on the  

l e f t  i s  shown a conventional beryllium sheet .  

beryllium displays a random s t ruc tu re .  

t h e  cas t  mater ia l  e x i s t  i n  t h e  plasma-sprayed mater ia l .  

plasma-sprayed beryllium i s  approximately 95 percent of t he  t h e o r e t i c a l  dens i ty  

a f t e r  s in te r ing .  

Tensile s t r e s s - s t r a i n  r e s u l t s  obtained from t h e  plasma-sprayed and s in t e red  

Note t h a t  t he  plasma-sprayed 

Inclusions and porosi ty  not evident i n  

The densi ty  of t h e  

specimens and f o r  t h e  &Mv mater ia l  a r e  shown i n  f igu re  20. 

against  s t r a in .  The s o l i d  curve w a s  obtained from published r e s u l t s  on t h e  &Mv 

mater ia l  ( re f .  11). 

sprayed and s in t e red  mater ia l  appears t o  be higher  (48,700-psi y i e l d  s t rength  as 

against  33,000-psi y i e l d  s t rength  f o r  t h e  Q)lV material). 

sprayed beryllium indica tes  t h a t  poros i ty  and fore ign  inc lus ions  appear t o  be 

detrimental  t o  the  t e n s i l e  proper t ies  of t h e  material. 

S t r e s s  i s  p l o t t e d  

The y i e l d  s t rength  on t h e  dashed curve f o r  t h e  plasma- 

The study of plasma- 

U s e  of t h e  plasma-sprayed 

beryllium f o r  load-carrying s t r u c t u r a l  elements looks promising but w i l l  r equi re  
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' 
I 

further investigation before its role in aerospace structures is clearly defined. 

Its potential use for heat-sink applications also requires further study. 

In conclusion, a preliminary investigation of six materials for possible 

application in aerospace vehicles has been made at Langley Research Center. 

investigation indicates that some of the materials exhibit promise for use in 

The 
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